Astroviruses (AstVs) have been identified only occasionally in dogs. A canine AstV, strain Bari/ 08/ITA, was detected from a pup with gastroenteric signs and the virus was isolated in cell culture and characterized molecularly. In the full-length capsid protein, the virus displayed genetic similarities (83.5 % aa identity) to another canine AstV strain, although a high rate of variation occurred in the hypervariable domain, which is related to AstV antigenic specificity. Specific antibodies were detected in the convalescent dog, indicating seroconversion, and in 59 % of a collection of dog serum samples. Using primers specific for canine AstV, designed to detect a conserved region of ORF1b, canine AstVs were detected in 24.5 % of young pups with gastroenteritis, either alone or in mixed infections with other canine pathogens. In contrast, AstVs were detected in only 9.3 % of asymptomatic pups. These findings indicate that canine AstVs are common in dogs and may suggest a possible role as canine enteric pathogens.
INTRODUCTION
The family Astroviridae includes human and animal small round viruses (SRVs) with a peculiar star-like surface when observed by electron microscopy (EM). Astroviruses (AstVs) are non-enveloped and their genome is composed of a plus-sense ssRNA of 6.4-7.3 kb, containing three ORFs and a 39 poly(A) tail (Méndez & Arias, 2007) . Two ORFs, located at the 59 end of the genome (ORF1a and ORF1b), encode non-structural proteins, whilst ORF2, located at the 39 end, encodes the capsid protein (Méndez & Arias, 2007) . AstVs were first identified by EM in 1975 in Scotland in stools of infants hospitalized with diarrhoea (Madeley & Cosgrove, 1975) . Subsequently, similar SRVs were identified from several mammalian and avian species (Bridger 1980; Englund et al., 2002; Hoshino et al., 1981; Imada et al., 2000; Kjeldsberg & Hem, 1985; McNulty et al., 1980; Snodgrass & Gray, 1977; Todd et al., 2009; Tzipori et al., 1981; Woode & Bridger, 1978) , including bats (Chu et al., 2008) and aquatic mammals (Rivera et al., 2010) . AstV infection is associated with gastroenteritis in most animal species, and humans AstVs are regarded as the second or third most common cause of viral diarrhoea in children (Méndez & Arias, 2007) . AstVs have also been associated with extra-intestinal diseases, such as nephritis in chicken (Imada et al., 2000) , hepatitis in ducks (Todd et al., 2009 ) and shaking syndrome in minks (Blomström et al. 2010) .
SRVs have been detected only occasionally in dogs by EM. In some cases, due to their morphological similarities (about 25-35 nm in size, round shape and absence of envelope), this definition has been used to refer to AstV-, calicivirus-or picornavirus-like particles. AstV-like particles were first detected in beagle pups with diarrhoeal disease in the USA in 1980 in a mixed infection with canine parvovirus type 2 (CPV-2) and canine coronaviruses (CCoVs) (Williams, 1980) . AstV-like particles were also detected in 3/157 normal faecal samples (but not in 29 diarrhoeal samples) in a survey in Australia in 1984 (Marshall et al., 1984) . In a large survey in Germany, SRVs were identified in 41/4044 faecal samples (1.0 %) of diarrhoeal dogs (Vieler & Herbst, 1995) . More recently, AstVs have been identified in dogs with enteric signs and have been characterized molecularly, suggesting that the detected viruses may represent a distinct AstV species (Toffan et al., 2009) . Here, we report the identification of a canine AstV, strain Bari/08/ITA, in a pup with gastroenteric signs that tested negative for all other common viral canine pathogens. The virus was isolated in Madin-Darby canine kidney (MDCK) cell cultures and was characterized molecularly from the 39 end of ORF1b to the poly(A) tail. Specific antibodies were detected in the convalescent dog, indicating seroconversion, and also in a collection of dog serum samples available in our laboratories. Primers specific for canine AstV were designed to detect a conserved region of ORF1b and used to screen a collection of faecal samples, providing firm evidence that viruses genetically/antigenically similar to strain Bari/08/ITA may circulate in dogs.
RESULTS

Characterization of the virus isolate as AstV
AstV RNA was detected in a 90-day-old mixed-breed pup with watery diarrhoea. The pup was hospitalized 2 days after the onset of the gastroenteric disease, due to severe dehydration. After 2 days of illness, the dog recovered completely. The faeces of the pup tested negative for all known common canine viral pathogens, including CPV-2, CCoVs, distemper virus (CDV), canine adenoviruses (CAV-1 and CAV-2), reovirus, rotavirus and calicivirus. AstV RNA was detected for 10 days after hospitalization. The faecal samples collected on days 2-6 post-hospitalization (p.h.) were pooled and inoculated onto MDCK cells. After the third serial passage, a clear cytopathic effect was observed, characterized by enlargement and/or detachment of cells and the appearance of fine granules in the cytoplasm (Fig. 1 ). Viral antigens were observed by immunofluorescence assay in the cells as fine granules dispersed in the cytoplasm, aggregating in a perinuclear position (Fig. 2) . The immunofluorescence assay was positive using the convalescent serum of the pup infected by AstV Bari/08/ITA but negative using either monospecific serum or mAbs for common canine virus pathogens (parvovirus, coronavirus, CDV, rotavirus and reovirus). The isolate, strain Bari/08/ITA, was confirmed to be AstV using AstV-specific primers, and tested negative using primers and probes specific for common canine pathogens. In addition, upon EM observation, SRV particles were identified in the stools of the pup and in the third passage in MDCK cells.
Sequence and phylogenetic analysis of the isolate Bari/08/ITA A 3142 nt sequence was determined, spanning the 39 end of ORF1b, the full-length ORF2 and the 39 non-coding region to the poly(A) tail. The 39 end of ORF1b comprised 716 nt, encoding a 237 aa polypeptide fragment at the C terminus of the polymerase complex. In this 237 aa fragment, the highest identity was 79.6 % to California sea lion AstV type 2 (CSL-2). However, identity was 100 % with shorter fragments (111 aa) of AstV strains detected from dogs (Toffan et al., 2009) . There was an 8 nt overlap between the termination codon of ORF1b and the initiation codon of ORF2. The highly conserved nucleotide stretch upstream of ORF2, 59-ATTTGGAGNGGNGGACCNAAN 5-8 ATGNC-39, believed to be part of a promoter region for synthesis of subgenomic RNA (Walter et al., 2001) , was nearly completely conserved in the sequence of strain Bari/08/ ITA. ORF2 was 2325 nt and encoded a capsid protein of 774 aa, with a predicted molecular mass of 84.7 kDa. The non-coding region was 87 nt in length. By pairwise comparison, the highest identity (83.5 %) in the capsid protein was found to a canine AstV, strain Italy/05. Amino acid identity with other mammalian AstVs ranged from 20.1 to 35.6 %, whilst amino acid identity to avian AstVs was 13.7-17.3 % ( Table 1 ). The 6 aa C terminus of the VP1 (SRGHAE) was highly conserved with several mammalian AstVs. This motif is within a highly conserved nucleotide stretch, s2m, overlapping the termination codon of ORF2 and is also shared by some coronaviruses and picornaviruses (Jonassen et al., 1998) . By phylogenetic analysis, the strain clustered with the canine strain Italy/05, intermingled with AstVs detected from aquatic mammals in the genogroup Mamastrovirus (Fig. 3) . 
Canine astroviruses
Screening for canine enteric and non-enteric viral pathogens and for AstV A total of 110 stool samples from animals with gastroenteric disease were screened for common canine viral pathogens and for AstV. By RT-PCR, AstV RNA was detected in 27/110 samples (24.5 %), either alone (10/110, 9.1 %) or in mixed infections with CPV-2 (5/110, 4.5 %) and CCoVs (8/110, 7.3 %) or with CPV-2 plus CCoVs (4/ 110, 3.6 %) ( Table 2 ).
In addition, a total of 75 rectal swabs collected from asymptomatic animals were screened by RT-PCR with the AstV-specific primers 625F-1 and 626R-1 (see Methods) and canine AstV RNA was detected in 7/75 swabs (9.3 %). Sequence analysis of the amplicons confirmed the specific nature of the bands (data not shown). The differences in AstV prevalence between symptomatic and asymptomatic animals were found to be statistically significant (P,0.05).
Detection of antibodies specific for strain Bari/ 08/ITA in dog sera Antibodies specific for virus Bari/08/ITA were detected in 32/54 (59.3 %) serum samples by immunofluorescence. The majority (14/22, 63.6 %) of the serum samples testing negative were from pups aged ,3 months, whilst only 3/32 (9.4 %) of the positive sera were from dogs aged ,3 months. This age-related pattern was found to be statistically significant (P,0.001). Specific antibodies were identified in the convalescent serum of the AstV-infected dog but not in the serum collected at the time of hospitalization.
DISCUSSION
SRVs have been detected by EM only occasionally in dogs with and without enteric signs but the exact nature of these viruses was not established (Marshall et al., 1984; Schaffer et al., 1985; Vieler & Herbst, 1995; Williams, 1980) . Caliciviruses characterized as either feline or canine vesiviruses (Evermann et al., 1985; Mochizuki et al., 1993; San Gabriel et al., 1997) and noroviruses (Martella et al., 2008 (Martella et al., , 2009 ) have been identified in the stools of dogs with enteric signs and therefore caliciviruses must be considered when SRVs are observed by EM. Recently, SRVs characterized molecularly as AstVs were detected in the stools of pups with enteritis, imported from Eastern Europe (Toffan et al., 2009) , in conjunction with CPV-2-and CCoV-like particles.
In this study, a canine AstV, strain Bari/08/ITA, was identified by RT-PCR in a young dog that tested negative for all known common canine viral pathogens. Upon sequence analysis, the virus was characterized as a member of the genus Mamastrovirus and displayed highest identity in the polymerase complex (in a short 111 aa overlap; 100 % aa identity) and in the full-length capsid protein (83.5 % aa identity) to the canine strain Italy/05 (Toffan et al., 2009) . The genetic diversity between strain Italy/05 and Bari/08/ITA appeared markedly higher than that observed between human AstVs of the same serotype. Human AstVs are classified into eight serotypes based on the antigenic relationships determined by immunofluorescence, ELISA, neutralization assays and immunoelectron microscopy (Koopmans et al., 1998; Kurtz & Lee, 1984) . The amino acid identity in the full-length capsid protein between strains of the same serotype is usually .94 %, whilst strains of different serotypes may display amino acid identities as low as 69-73 % (Méndez-Toss et al., 2000). By Fig. 3 . Phylogenetic tree based on the full-length amino acid sequence of the capsid protein of AstVs of avian and mammalian origin. The tree was determined using the neighbour-joining method without any distance correction. The GenBank accession numbers of the AstV strains used are listed in Table 3 . Strain Bari/08/ITA identified in this study is indicated by a filled circle. ANV-1, Avian nephritis virus type 1. Bar, number of amino acid substitutions per 100 sites. (Bass & Upadhyayula, 1997; Sanchez-Fauquier et al., 1994) . Accordingly, although genetically similar, the antigenic relationships between the two canine viruses are not predictable and should be assessed by cross-neutralization assays.
Strain Bari/08/ITA was successfully adapted to grow in a canine cell line (MDCK) after three serial passages, and virus replication induced a clear cytopathic effect. Viral antigens were visualized in the cytoplasm of infected cells by immunofluorescence, and SRV particles were observed in the MDCK lysates by EM. Adaptation of AstVs to replication in cell culture is fastidious and, with the exception of avian AstVs, appears to be trypsin dependent (Méndez & Arias, 2007) . In addition, AstVs tend to replicate almost exclusively in cells derived from their natural host (Méndez & Arias, 2007) . Accordingly, the use of canine cells was an important requisite for adaptation to replication of strain Bari/08/ITA because dogs are the homologous host for these viruses.
Using the isolate Bari/08/ITA as antigen, specific antibodies were identified in the convalescent dog and in 59.0 % of the tested canine sera. AstV-specific antibodies were detected almost exclusively in dogs of .3 months, whilst most dogs aged ,3 months were seronegative. This is consistent with the fact that, at 2-3 months of age, pups become susceptible to infectious agents, as maternally derived immunity tends to wane (Pollock & Carmichael, 1982) .
Following screening of a collection of faecal samples obtained from young dogs (aged 1-6 months) with gastroenteritis, canine AstV was found in 24.5 % of the pups, either alone or in mixed infections with CPV-2 and CCoVs. This prevalence rate was unexpectedly high. By contrast, the prevalence of canine AstV in asymptomatic young dogs was only 9.3 %. Thus, canine AstV prevalence differed significantly (P,0.05) between the two groups of animals. The majority of AstV-infected pups were also infected by other canine pathogens such as CPV-2 or CCoV, whilst single infections by AstV were detected only in 9.1 % of the symptomatic pups. These findings are not unexpected, as mixed infections are not infrequent, especially in animal communities such as kennels or shelters. Experimental infections are necessary to elucidate the pathogenic role of canine AstVs and to understand whether they can act by themselves as the primary causative agent of gastrointestinal disease, or whether they trigger mechanisms of synergism in co-infections, as observed between coronaviruses and parvoviruses (Appel, 1988; Pratelli et al., 1999) .
It was remarkable that the prevalence rates of canine AstV revealed by RT-PCR in this study were markedly higher than those described in previous investigations. In a large EM-based survey in Germany, SRVs (including in this definition AstVs, picornaviruses and caliciviruses) were identified only in 41/4044 (1.0 %) faeces of dogs with enteritis (Vieler & Herbst, 1995) . These discrepancies are probably the result of the high sensitivity of RT-PCR techniques. By coupling the virological and serological findings, it is possible to depict a conceivable scenario in which, by the age of 3-4 months, most dogs have come in contact with canine AstVs. Larger age-stratified serological investigations are necessary in order to assess precisely the patterns of seroprevalence in dogs. However, these pilot epidemiological investigations appear to suggest that these viruses are ubiquitous in canine populations.
In conclusion, in this study, we have reported for the first time the isolation of a canine AstV in a canine cell line. Serological and virological evidence was also collected demonstrating that: (i) AstVs are common in young dogs with gastroenteritis, either alone or in mixed infections with other canine enteric pathogens, such as CPV-2 and CoCVs; (ii) AstVs are less common in asymptomatic young dogs; and (iii) antibodies to a canine AstV may be detected in dogs at high prevalence but not in young pups. Experimental infections and implementation of the diagnostic algorithms for canine enteric pathogens with AstV-specific assays will be pivotal to dissect the role of these viruses in dogs.
METHODS
History of the animal and virological examinations. A 90-dayold mixed-breed pup developed a gastroenteric disease with watery diarrhoea. The pup was hospitalized 2 days after the onset of the gastroenteric disease, due to severe dehydration. After 2 days of illness, the dog recovered completely. At the time of hospitalization, the faeces were collected and screened for the presence of common canine viral pathogens by either gel-based PCR or quantitative PCR and RT-PCR. DNA and RNA extracts were prepared using DNeasy and QIAamp viral RNA kits (Qiagen). The faeces of the pup tested negative for all known common canine viral pathogens, including CPV-2, CCoVs, CDV, CAV-1 and CAV-2, reovirus, rotavirus and calicivirus. Unexpectedly, the stools tested positive to AstV using a broadly reactive primer pair, targeted to the ORF1b region (Chu et al., 2008) . After the detection of astroviral RNA in the faeces of the dog, the animal was kept under observation. Faecal samples were collected daily on days 2-30 p.h. to monitor virus shedding. Astroviral RNA was detected until day 10 p.h. In addition, serum samples were obtained from the dog at hospitalization and on days 14 and 28 p.h.
Cultivation in canine cell lines. Faecal samples collected on days 2-6 p.h. were pooled and then used in attempts to adapt the virus to growth in tissue culture cells. Evidence was obtained for viral growth in MDCK cells grown in Dulbecco's modified Eagle's medium supplemented with 10 mg trypsin ml 21 (type IX; Sigma), after the third serial passage. The cytopathic effect was characterized by enlargement and/or detachment of cells and the appearance of fine granules in the cytoplasm. Viral antigen in the infected cells was revealed by indirect immunofluorescence using the convalescent serum (day 28 p.h.) of the dog and an FITC-conjugated anti-dog serum (Sigma-Aldrich). Immunofluorescence using monospecific sera or mAbs for common canine virus pathogens (CPV-1 and -2, CCoV-2, CDV, rotavirus and reovirus) was also carried out. Using PCR or RT-PCR, the isolate was recognized by AstV-specific primers but not by primers and probes specific for common canine pathogens.
Electron microscopy observation. Faecal samples collected on days 2-6 p.h. were pooled and processed for EM observation. In addition, the third virus passage in MDCK cells was analysed. Briefly, faecal samples were diluted 1 : 10 in distilled water, vortexed and centrifuged for 20 min at 4000 g and again for 10 min at 9300 g for clarification.
The supernatant and cell lysate were then ultracentrifuged (Beckman Airfuge) for 15 min at 82 000 g. After negative staining with 2 % sodium phosphotungstate (pH 6.8), samples were examined using a Philips CM10 electron microscope.
Sequence and phylogenetic analysis of the astrovirus strain.
Amplicons obtained with the AstV ORF1b-specific primers (Chu et al., 2008) were excised from the gel and purified using a QIAquick gel extraction kit (Qiagen). The fragment was then subjected to direct sequencing using BigDye Terminator Cycle chemistry and a 3730 DNA Analyser (Applied Biosystems). The programs BLAST (http:// blast.ncbi.nlm.nih.gov/Blast.cgi) and FASTA (http://www.ebi.ac.uk/ Tools/sss/fasta/) with default values were used to find homologous hits.
To determine the sequence and genomic organization of the AstV strain, a 3.2 kb region at the 39 end of the genome was amplified by RT-PCR, as described by Wang et al. (2005) . cDNA was synthesized using a SuperScript III First-Strand cDNA Synthesis kit (Invitrogen) with primer VN 3 T 20 (59-GAGTGACCGCGGCCGCT 20 -39). PCR was then performed with TaKaRa La Taq polymerase (TaKaRa Bio Europe) with forward primer 59-GARTTYGATTGGRCKCGKTA-YGA-39 (Chu et al., 2008) and VN 3 T 20 . Finally, the amplicon was purified and cloned using a TOPO XL Cloning kit (Invitrogen). Additional primers also were designed to determine the complete 3.2 kb sequence by an overlapping strategy.
Sequence editing and multiple alignments were performed with BioEdit software package version 2.1 (Hall, 1999) . Phylogenetic analysis (neighbour-joining and the unweighted pair group method with arithmetic mean) with bootstrap analysis (1000 replicates) and no distance correction was conducted by using the MEGA software package version 4.0 (Tamura et al., 2007) .
Analysis of the capsid protein of strain Bari/08/ITA. Pairwise identity in the full-length capsid protein of strain Bari/08/ITA to a selection of AstV strains was determined using multiple alignments generated with BioEdit software package (Hall, 1999) . The values were calculated by the uncorrected distance method using a 31-sequence alignment without removing the gaps, including sequences of human and animal AstVs. The strains and sequences used are listed in Table 3 .
Collection of faecal samples from animals and extraction of DNA and RNA. A total of 110 stool samples from dogs with signs of mild to severe gastroenteritis were screened. The samples were a subset of a collection obtained between January and December 2007 from young dogs (aged 1-6 months) of various origins (animals housed in shelters and/or pet shops and hospitalized animals). In addition, a total of 75 rectal swabs collected from overtly healthy pups and/or young dogs (aged 2-6 months) were analysed. DNA and RNA extracts were prepared using DNAeasy and QIAamp viral RNA kits (Qiagen).
Screening for canine enteric and non-enteric viral pathogens.
All faecal samples were screened for the presence of common canine viral pathogens either by gel-based PCR or by quantitative PCR and RT-PCR. The samples were screened for CPV-2 (Decaro et al., 2005) , enteric CCoVs (Decaro et al., 2004) and CDV (Elia et al., 2006) Canine astroviruses canine respiratory coronavirus , rotavirus (Gentsch et al., 1992) and norovirus (Vennema et al., 2002) was accomplished by conventional PCR or RT-PCR in a Gene Amp PCR System 9700 (Applied Biosystem), using TaKaRa La Taq polymerase for DNA viruses and a Superscript III One-Step RT-PCR kit (Invitrogen) for RNA viruses.
Screening for astroviruses by RT-PCR. The RNA extracts were screened using a primer pair specific for canine AstVs. Primers 625F-1 (59-GTACTATACCRTCTGATTTAATT-39) and 626R-1 (59-AGACC-AARGTGTCATAGTTCAG-39) were designed using the ORF1b sequence to selectively amplify a fragment of 300 bp. Statistical analyses were conducted using the R program version 2.8.1 (http:// www.r-project.org/index.html). A x 2 test, with Yates's correction for continuity, was used to evaluate the differences in AstV prevalence between symptomatic and asymptomatic animals.
Serological investigations. Detection of specific antibodies for strain Bari/08/ITA in the canine serum samples was performed using an indirect immunofluorescence assay. A total of 54 serum samples, obtained from dogs aged 2 months to 7 years, were screened. The virus Bari/08/ITA was used as antigen. Confluent MDCK cell monolayers were infected and gently harvested in the presence of advanced cytopathic effect (affecting at least 70-80 % of the cells). Infected cells were distributed onto multispot glass slides and dried at 37 uC. The slides were fixed in 100 % cold acetone at room temperature for 30 min and stored at 280 uC until used. Ten microlitres of each serum sample, diluted 1 : 50, was layered onto the cells and incubated at 37 uC for 30 min. After three washes with PBS, antiserum to dog IgG conjugated with FITC (Sigma-Aldrich) was added and the slides were incubated at 37 uC for 30 min. After three washes with PBS, the slides were observed under a fluorescent microscope and antibody titres were calculated as the highest serum dilutions still giving cytoplasmic fluorescence in the antigen preparations. Statistical analyses were conducted using the R program. A x 2 test, with Yates's correction for continuity, was used to evaluate the differences between age groups (¡3 months).
